Introduction
Several therapies for the treatment of injured bone tissue are currently established, yet recent findings on the natural healing processes of the organism suggest new routes for improvement. The role of stem cells in the restoration of damaged tissue has been fully recognized [1, 2] , and much effort is nowadays dedicated to the understanding of the underlying mechanisms [3] , with a view to establishing novel clinical treatments [4, 5] . Mesenchymal stem cells (MSCs) are nonhaematopoietic, heterogeneous pluripotent cells that are capable of differentiating into several mesodermal and non-mesodermal cell lineages [6] . As traumatic injury occurs, these progenitor cells are mobilized from their niche and recruited to the damaged tissue, in order to contribute to the reparative process [7] . Their contribution to the natural healing response of the body has been described to be via in situ differentiation into cells that directly replace the damaged tissue and paracrine action (or trophic activity [8] ), which controls the injury-related inflammatory response. [9] Particular attention has been given to the engineering of biomaterials that control the commitment of MSCs to specific lineages, such as neuronal [10] , chondrogenic [11] , cardiac [12] , and osteoblastic [13] . However, harnessing MSC fate remains a major challenge. Addressing such challenge would be of great significance in the orthopaedic and maxillofacial field, where the capacity to stimulate the osteogenic differentiation of MSC on the surface of clinically-relevant materials (e.g. on titanium and its alloys) [14] , would translate into higher rates of implant osteointegration and improved long-term functionality. Surface modification strategies can be used for this purpose. As a matter of fact, variations of the surface stiffness [15] , chemical composition [16, 17] , topography [18, 19] , and hydrophilicity [20] have been proven to influence MSC response.
Among chemistry-based strategies of surface functionalization, the anchoring of integrin-binding ligands is a particularly interesting solution to guide osteodifferentiation [21, 22] . Integrins are a family of heterodimeric transmembrane receptors, constituted by two non-covalently bound α and β subunits, that are responsible for the communication of signals from the extracellular matrix (ECM)
to the nucleus, and vice versa [23] . Although, a complete view on how integrin ligands influence the response of progenitor cells has not been achieved yet, peptides derived from the ECM have been used to modulate cell fate. This is the case of the two integrin-binding motifs present in the cell attachment site of fibronectin (FN): the Arg-Gly-Asp (RGD) peptide [24] , which interacts with several integrin subtypes [25] , and the Pro-His-Ser-Arg-Asn (PHSRN) motif, whose synergic effect increases the affinity of RGD for the integrin receptor α5β1 [26] . This integrin receptor has been proved to be important in osteogenesis and thus its specific engagement opens promising prospects in bone regeneration [22, [27] [28] [29] . Presentation of RGD and PHSRN sequences at the proper distance is crucial to preserve their synergic behavior [30, 31] . The effect of these two ECM-derived motifs on cell adhesion has been studied in the literature [30, [32] [33] [34] [35] , but their capacity to induce osteogenic differentiation of MSCs on metallic substrates has been only achieved by using engineered recombinant fragment of FN encompassing the whole cell attachment site of the protein [36] [37] [38] . Nonetheless, the limitations associated to the use of proteins urge the development of alternative synthetic approaches that mimic and retain their integrin-binding specificity but offer higher chemical control, safety and stability [39] . To mimic the 30-40 Å distance that separates the motifs in FN [40, 41] within a synthetic ligand, several linkers have been proposed, including polyglycine chains, (Gly) 6 [42, 43] or (Gly) 13 [35] , as well as (Ser-Gly) 5 units [32] . In our study we use a novel design based on a double-branched molecule ( Silanization of the Ti substrate is used to covalently graft the ligands (grey spots) (C).
with a novel synthetic platform (PTF) [44] , in which the RGD and PHSRN motifs are chemically inserted in a controlled fashion, and compare it with the presentation of the motifs alone or in a geometrically random distribution ( Figure 1 ). To the best of our knowledge, the effect on hMSCs and the in vivo response due to such synthetic system of ligand presentation, which mimics the biological orientation and spacing of RGD and PHSRN sequences present in FN, has never been addressed before. To this end, we realized a straightforward three-step procedure to anchor the integrin-binding ligands to Ti, and studied the effect on hMSCs behavior in terms of cell number, spreading, focal contacts, proliferation, gene expression and mineralization. The capacity of the PTF to promote bone formation in vivo was evaluated in a calvarial defect model in rats.
Materials and methods

Functionalization of titanium surfaces
Synthesis of the bioactive molecules
The platform (Ac-Arg-Gly-Asp-Ser-Ahx-Ahx)(Ac-Pro-His-Ser-Arg-Asn-Ahx-Ahx)- [44] . Details on the chemical structure of each molecule are given in Figure S1 of the Supporting Information.
Protocol of immobilization
The covalent attachment of the biomolecules on the titanium (Ti) surfaces was done by silanization according to reported protocols [45, 46] optimized in our laboratories [47] (Figures S1 B) .
Ti disks (diameter: 1 cm) were obtained by turning from a cylindrical bar of commercially pure (CP) Figure 1A ). FN-coated disks (FN) (50 μg/mL in PBS at pH 9.5), and nitric acid treated (CTRL) Ti disks were used as positive and negative controls for the biological studies, respectively. All samples were rinsed in either MQ water or PBS three times before performing the assays. The functionalization system is schematically represented in figure 1 C. In order to prevent unspecific cell attachment to the surface, prior to biological tests all samples were immersed in a solution of short polyethylene glycol (PEG) chains (H 3 C-(PEG) 4 -SH, 500 μM, Thermo Scientific, Waltham, MA, USA ) for 1 h at RT. Thiolated PEG chains are expected to bind to unreacted maleimide groups of the crosslinker agent. Moreover, thiol groups of the polymeric chains can physisorb on Ti oxide [44, 48] , capping the unreacted areas of the surface.
Physicochemical characterization
Static contact angle measurement (Contact Angle System OCA15 plus, DataPhysics, Filderstadt, Germany) and X-ray photoelectron spectroscopy (XPS) were used to characterize the ascorbic acid, and 100 nM dexamethasone. Cells at passages between 1 and 4 were used to carry out experiments. All reagents were purchased from Sigma-Aldrich, unless otherwise noted.
Cell adhesion and proliferation
To evaluate the attachment of cells to the functionalized metallic surfaces, hMSCs were plated at Switzerland). All reagents were purchased from Sigma-Aldrich, unless otherwise noted.
Assessment of cell differentiation
Gene expression of the integrin subunit α5 (ITGA5) and of the osteoblastic marker runt-related transcription factor 2 (RUNX2) was evaluated by RT-PCR analysis. (Table 1) were used, doing a 5 min incubation at 95 °C and 40 amplification cycles (10 sec at 95 °C and 30 sec at 60 °C), followed by a melt curve. Melting curve analysis was done to prove specificity and gene expression was normalized to β-actin.
For mineralization assays, after seeding cells in the same conditions described for the proliferation assays, hMSCs were cultured with basal or osteogenic medium for 21 days, changing medium twice a week. After gently rising samples with PBS, adhered cells were fixed with PFA, as previously described. Afterwards, Ti disks were washed twice with MQ water and 500 μL/well of 40 mM Alizarin Red S (ARS) (pH 4.2) was added. Samples were incubated with the dye at RT for 20 min while gently shaking. Prior to microscopy visualization, excess dye was washed off using copious washings with MQ water. Stained surfaces were then examined under an Olympus BX51 microscope (Olympus Corporation, Japan). The area of the stained calcium deposits was quantified with the Fiji/Image-J package. All reagents were purchased from Sigma-Aldrich, unless otherwise noted.
Target gene Forward sequence Reverse sequence
CGGAATGCCTCTGCTGTTAT TGGGGAGGATTTGTGAAGAC Table 1 PCR primer sequences for integrin subunit α5 (ITGA5), runt-related transcription factor 2 (RUNX2) and β-actin.
Protein adsorption assay
Protein adsorption on Ti surfaces was tested by immersing the samples in fluorescein isothiocyanate-stained bovine serum albumin (FITC-BSA). Pierce ® Antibody Labeling Kit (Thermo Scientific, USA) was used to label the protein, according to manufacturer's instructions. Briefly, BSA (Sigma Aldrich) was mixed with FITC in a phosphate-borate buffer and purified in a spin column to remove the non-reacted FITC. Then, samples were incubated with 150 µL of FITC-BSA at a concentration of 100 µg/mL for 1h in the darkness. After fixing with PFA, samples were examined under a Nikon E-600 fluorescence microscope (Nikon Corporation Instruments Company, USA). To quantify protein adsorption, five images were taken for each sample and the Fiji/Image-J package was used to calculate pixel intensity.
In vivo implantation
The ability of the PTF to induce bone formation on the surface of Ti samples was assessed in vivo in a rat partial thickness calvarial model. The protocol of housing, care, and experimentation was approved by the Animal Care and Use Committee at Dankook University, Republic of Korea. Twelve 11 week-old, 250-300 g healthy male Sprague-Dawley rats were used. Animals were acclimatized for 7 days before use and each rat was housed in a separate cage under temperature-and humidity-controlled environment, exposed to a 12 h light-dark cycle, and had free access to water and food. Custom-made rod-type Ti implants (5.5 mm diameter, 5 mm long) were prepared following the same functionalization method as for the in vitro assays. After coating, samples were washed three times in sterile MQ water and sterilized by treatment with 70% ethanol for 30 min.
Implant placement was performed under general anesthesia using an intramuscular injection of a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg). The animals were randomly allocated to one of the two groups before implantation (n=6): 1) Ti as a control group (CTRL) and 2) PTF-treated
Ti as a study group (PTF). After shaving over the cranial lesion, the surgical site was scrubbed with iodine and 70% ethanol, and a linear skin incision was made. A full thickness flap was retracted and the calvarial bone was exposed. Two 5.5 mm diameter partial thickness calvarial bone defects were prepared in each rat on each side of the parietal bone under cooling conditions with sterile saline using a dental handpiece and a 5.5 mm diameter LS-Reamer (Neobiotech, Seoul, South Korea).
The Ti samples were covered by 3D printed rigid polymer caps, and the cap and Ti constructs were secured to the calvarial bone using fixation screws via its anchoring rings ( Figure S2 ). Rigid polymer caps (5.5 mm inner diameter and 5 mm height) were custom-made (Taulman 618 Nylon, Taulman 3D, Missouri, US) by 3D printing (NP-Mendel, Opencreators, South Korea). The subcutaneous tissues and periosteum was sutured with absorbable sutures (4-0 Vicryl®, Ethicon, Germany), and the skin was closed with non-absorbable suture material (4-0 Prolene, Ethicon, Germany). The animals were monitored daily for possible clinical signs of infection, inflammation, and any adverse reaction. After two and four weeks, the animals were euthanized by CO 2 inhalation and the tissue part of the calvarium surrounding the cap was harvested and fixed in 10% neutral buffered formalin for 24 hours at RT.
Histological preparations
The cap and Ti were removed after fixation, and histological evaluations were done by classical methods. The fixed samples were subsequently decalcified in RapidCal TM solution (BBC Chemical
Co., Stanwood, WA, USA) for 2 to 3 days. After decalcification, the samples were dehydrated in ascending grades of ethanol and embedded in paraffin. Five-micrometer coronal sections of the central area at the defect site were prepared and stained with hematoxylin and eosin (HE) for the assessment of bone to Ti junction. Histological analysis was performed using a light microscope mounted Charge-Coupled Devices (CCD) camera (IX71, Olympus, Tokyo, Japan) at 200 magnification.
Statistical analysis
For the in vitro study, each condition was replicated in triplets in each experiment, which was at least repeated twice independently. 
Results
Functionalization of Ti: evolution of physicochemical properties of the surface
The sessile drop method was used to measure the contact angle of three 1 μL drops of either water (Fig. 2) or diiodomethane. The nitric acid treatment (HNO 3 ) resulted in a significant decrease of water contact angle, compared to polished samples (P). In contrast, silanization with APTES increased this value. Anchoring of the peptidic ligands in all cases resulted in a significant increase in wettability. Diiodomethane contact angle was not significantly affected by the functionalization process (not shown).
Surface chemical composition was analyzed via XPS analysis. Atomic percentages of the elements of interest (Ti, C, O, N, Si, and S) are presented in Fig. 3 A. Apart from all previously described conditions, PTF-coated Ti after an ultrasonication treatment in MQ water for 1 h was included to verify the stability of the ligand anchoring to the metal. Reaction yields can be estimated by using the atomic percentage data, as previously reported in literature [45, 46, 50] .
where (N / Si) i is the measured atomic ration at the modification step and is the number of nitrogen atoms in the PTF molecule. The calculated reaction yields are 0.19 and 0.18 for reaction of the coupling of the crosslinker to APTES and anchoring of the PTF to the SMP molecule, respectively.
Analysis of the chemical composition of the uncoated Ti disks revealed the presence of three characteristics peaks: Ti 2p, O 1s, and C 1s, the latter being associated to the presence of organic contaminants. O 1s spectrum presented a lower energy peak at binding energy (BE) 529.9 eV, attributed to the Ti dioxide, and a higher energy peak at 531.7 eV, resulting from the contribution of Ti hydroxide, physisorbed water and organic contaminants (-C=O, -C-OH, -CO 2 H), previously reported to appear between 531.7-532.5 eV [45, 50] . Nitric acid passivation does not alter significantly the atomic percentage of the elements detected. However, deconvolution of the oxygen spectrum ( Fig. 3 B) revealed a clear reduction of the higher energy peak, associated to C-bound oxygen groups. Silanization with APTES changed the elemental distribution of the surface: Ti and O were significantly reduced, while new signals from N (from 0.61% to 5.2%, Fig. 3 A) and Si appear.
N 1s peak at 399.8 eV (Fig. 3 B) presented two components, which have been associated to protonated (-NH 3 + ) and unprotonated (-NH 2 ) amino groups [46] . Si 2p peak at 102.3 eV (not shown) was also detected in this step, and its atomic percentage significantly increased from 0.14% to 7.2% (Fig. 3 A) . Moreover, silanization of the surface resulted in the modification of O 1s and C 1s spectra. O 1s spectrum presents a new contribution at 532.0 eV, associated to -Si-O-bonds [46] , and the peak of the C 1s spectrum at 285.8 eV, which can be ascribed to -C-N bonds (previously reported at 286.4-286.5 eV [46, 50] ), increased its contribution (Fig. 3 B) .
Upon addition of the crosslinking molecule, further increase in C and N atomic percentage was observed. The presence of new high energy bonds of the C atoms in the imide (O=C-N-C=O, BE = 289 eV [45] ), from the maleimide group, and amide (-NH-C=O, BE = 288 eV [45] ), from the conversion of the amine group of APTES, functionalities contributed to the highest energy C 1s peak growth (BE = 288.0 eV) (Fig. 3 B) . The relative contribution of this peak increases from 5.7% in APTES samples to 13% after SMP coupling. The imide and amide groups also contribute to increase the peak of N 1s. However, deconvolution of imide, amide, protonated and unprotonated amines peaks is not possible, since they are associated to very similar binding energies and overlap in our spectra (previously reported at 400.6 eV [45] , 400.0 eV [45] , 401.2 eV [44] , 399.6 eV [50] , respectively). After coupling the PTF to the SMP molecule, sulphur, previously only present in traces, was detected, as shown in the inset in figure 3 A. Further evidence of the presence of the synthetic ligand was given by the O 1s and N 1s spectra deconvolutions: in the oxygen spectrum the highest energy peak, associated to amide groups, increased its contribution from 49.4% to 65.7%; similarly, the nitrogen spectrum showed its predominant contribution at 399.7 eV, due to the numerous amide functionality of the PTF molecule. Neither atomic percentage nor spectrum deconvolutions are affected by the ultrasonication treatment in MQ water (condition PTF (S) in Fig   3) . All the peaks of the analyzed spectra are reported in Table S1 . 
Protein adsorption assay
Protein adsorption was performed to demonstrate that all conditions tested in vitro support the same protein adsorption. Compared to the untreated polished Ti disks (P), on which higher protein adsorption is observed due to the lack of PEG chains, conditions tested in vitro, which have all been PEGylated to prevent unspecific interactions (uncoated, single peptide, and double-branched platform) support the same value of adsorption, which is statistically lower compared to P (Fig. S3 ).
Attachment and proliferation of stem cells
HMSCs were incubated on Ti disks in serum-free medium for 6 h, and cell number evaluated by F-actin was fluorescently labeled to visualize the extent of cell spreading on the surfaces. Cells on PHSRN stayed rather rounded or with little spreading, and poor organization of actin filaments was visible (Fig. 5 A) . Well-defined actin fibers and higher cell spreading were visible on RGD, MIX, PTF and FN surfaces, compared to CTRL. PTF and FN surfaces promote the highest cell spreading, significantly higher than RGD-and MIX-coated surfaces (Fig. 5 B) . Vinculin was also fluorescently labeled to visualize focal contacts on the functionalized surfaces (Fig. 5 C) . 
Gene expression analysis
The expression of integrin α5 and of the osteogenic marker Runx2 was evaluated by RT-PCR after 24 h of incubation on the metallic surfaces in basal medium. mRNA expression was normalized to β-actin mRNA and analyzed both with ANOVA using Tukey's test for pairwise comparisons and with REST [51] (Fig. 6) , according to the Pfaffl method [52] . Expression of α5 on the PTF-coated surface was upregulated compared to the PHSRN, MIX and FN (p<0.05). Runx2 gene was also upregulated on the PTF, compared to CTRL (p<0.0001), PHSRN (p<0.0001) and MIX (p<0.05) conditions.
Staining of calcium deposits
In order to evaluate the extent of matrix mineralization on the functionalized substrates, staining of calcium deposits was done after 21 days of incubation in basal or OG medium. CTRL and PHSRN
(not shown) samples presented the fewest and smallest deposits among conditions (Fig. 7) . The anchoring of the RGD sequence on Ti promotes the formation of bigger calcium deposits (not shown), compared to CTRL. The presentation of the random distribution of linear RGD and PHSRN motifs (MIX, fig. 7 ) slightly increase mineralization, compared to RGD surface. PTF-and FN-coated surfaces supported the highest degree of mineralization: a higher number of calcium deposits were observed, and many of them were bigger compared to the MIX surface. Overall, quantification of the Alizarin Red S-positive areas revealed that mineralization is statistically higher on the PTF and FN in osteogenic medium, compared to CTRL ( Figure S4 ).
Figure 7
Alizarin Red S staining of calcium deposits after 21 days of incubation in basal or OG-medium. Scale bar = 500 μm.
In vivo implantation
The ability of the PTF coating to stimulate bone regeneration in vivo was evaluated in a rat partial thickness calvaria defect model. Briefly, two calvaria defects were prepared in each rat, where Ti samples were inserted and secured in place with a plastic cap. After either 2 or 4 weeks implantation time, the animals were euthanized and the calvaria portion surrounding the implant was harvested for histological analysis.
All rats survived throughout the entire experiment, although two rats showed a local necrosis on the skin overlying the cap. The presence of the cap was associated with slight signs of inflammation although the histological results revealed that these focal responses did not affect the study results, and a remedial action was therefore not needed. After removing the cap, the macroscopic observation showed that the space between bone surface and Ti remained flat, and no significant differences were observed between groups. The PTF group showed a widespread thin layer of cortical bone developing both on top and bottom surfaces of the calvarial bone. Histological images showed new bone formation on the surface of the Ti disk, although with relevant histological differences between CTRL and PTF groups (Fig. 8 B) . HE-stained histology images at high magnification (x200) revealed the peri-implant tissue with newly formed bone (arrows) above or below the host bone (dashed lines) showing woven features in all samples. Widespread bone formation was observed above the native bone level on the PTF treated surface, whereas the pristine Ti (CTRL) showed localized immature bone formation. PTF showed marked histological features of proliferative bone formation: osteoblasts were aligned on the surface of the bone, which seemed to be in a more advanced stage of bone remodeling. However, in the CTRL group, osteoblasts located adjacent to implant presented a disordered arrangement. Interestingly, new bone was not only generated on the surface of the defect, but also generated on the bottom surface of the calvaria. Abundant connective tissue was generated between bone tissues on the Ti-PTF implant surfaces. 
Discussion
The aim of this study is to develop a bioactive surface that guides the osteogenic differentiation of hMSCs by means of a chemically controlled presentation of integrin-binding ligands. In detail, the RGD and PHSRN sequences synergically bind integrin α5β1, which is known to be involved in several important events of bone biology [22, [53] [54] [55] , provided that the distance between the motifs mimics the one found in the protein [31, 32, 35] . For the synergic effect to take place, the spacing between the two sequences is crucial and it is often a difficult parameter to control [32, 35, 42, 43] . To solve this issue, a double-branched platform (PTF) presenting the two motifs at a controlled distance is used to coat clinically-relevant Ti surfaces. The PTF structure is designed to separate RGD and PHSRN with a flexible spacer, consisting of 4 Ahx and a branching Lys unit (Figure 1 and   S1 ). We previously demonstrated that this synthetic ligand physisorbed on Ti promotes attachment and homogeneous spreading of osteoblast-like cells, compared to a random mix of RGD/PHSRN [44] . In this study covalent immobilization of the biomolecule is obtained via reaction of the thiol group (anchoring unit of the biomolecule) with the maleimide groups present in the organosil ane layer though a Michael addition (Fig. S1 B) . An analogous method is used to anchor single linear RGD or PHSRN alone or in a random mix for comparison. Due to the fact that the spacing between the biomolecules and the surface is known to affect the activity of the bioactive sequences [48, 56] , all linear peptides were synthesized with spacer units (Ahx) to be presented at the same distance from the surface as the PTF (Fig. S1 A) . The response of hMSCs to the custom synthesized platform is studied and the functionalization strategy is tested in an in vivo model.
Immobilization of ligands on the metallic surface
Physicochemical properties of the surface vary throughout the functionalization process, accordingly to the modifications applied. As shown in figure 2 , nitric acid passivation reduces water contact angle. Most probably, this reduction is related to the efficient elimination of organic contaminants by the acidic treatment and a more homogenous layer of titanium dioxide. The same observation can be done by analysing the XPS data: the relative contribution of the highest energy peak of the O 1s spectrum, associated to organic contaminants, is highly reduced, whereas the low energy peak associated to titanium oxides increases (Fig. 3 B) . Exposure of the oxide layer to adsorbed water molecules results in the formation of hydroxyl groups on the surface, which are necessary for the subsequent silanization step [57, 58] . Therefore, passivation of the surfaces with nitric acid serves also as an effective activation treatment. After silanization, the wettability of the surface is significantly reduced, owing to the hydrophobic nature of the silanes. Chemical composition analysis by XPS also reveals significant changes in this step, confirming the efficiency of the modification process: the increases in both Si and N atomic percentages (Fig. 3 A) , the appearance of the -Si-Opeak and the increase in the relative contribution of the -C-N-bonds peak (Fig. 3 B) are typical indicators of successful silanization with APTES [45] [46] [47] 50, 57] . Addition of the crosslinking molecule is also confirmed by the XPS data, since a clear increase in the relative intensity of the C 1s peak associated to maleimide functionalities is visible, as previously observed in literature [45, 46] .
Moreover, N/Si ratio can be used to calculate reaction yield relative to the addition of SMP to APTES [45, 59] : the calculated value (0.19) indicates that about 20% APTES molecule react with the crosslinking agent, which is slightly lower than previously reported values for the same reaction step [45] . Upon anchoring of the peptides, contact angle is significantly reduced due to the hydrophilic character of the peptidic ligands. The wettability of all peptide-coated samples was statistically equal. These observations, apart from demonstrating the correct immobilization of the ligands on Ti, also prove that biological effects cannot stem from differences in hydrophilicity among the modified surfaces. As a matter of fact, both wettability and surface chemistry are known to be regulators of cell responses [17, 20] . Since in this study we aim at analyzing the effect of the chemistry of the surface, wettability must be kept constant among conditions. XPS analysis further confirms that the grafting of the peptides is effective. The new amide functionalities of the peptides increase the contribution of the -N-H-C=O-associated peaks in the O 1s, C 1s and N 1s spectra (Fig. 3 B) . The calculated yield of the PTF reaction with the crosslinker is 0.19, which is very close to values reported in literature for analogous peptidic sequences anchored to SMP [45, 46] . Finally, the anchoring is proved stable to an ultrasonication treatment of 1 h, since neither change in atomic percentages nor modification of the high resolution spectra is observed by XPS analysis (Fig. 3 A) .
HMSCs response in vitro
Data collected from the in vitro assays carried out highlight that some aspects of cell response on functionalized Ti are more ligand-dependent than others. The analysis of short-term attachment of stem cells in serum-free conditions reveals that the presence of integrin-binding peptides on the surface promotes significantly higher cell adhesion in the first 6 h of incubation, compared to nonfunctionalized Ti (Fig. 4 A, B) . Very few cells adhere on both the uncoated Ti and the PHSRNcoated surface. A large number of works already demonstrated that PHSRN alone does not bind cell surface receptors, unless synergically acting with the RGD sequence [26, 31, 33, 35, 44, [60] [61] [62] .
Interestingly, no difference in cell number is observed among the RGD, MIX, PTF and FN surfaces, probably due to the high density of ligands obtained under our coating conditions [63] . The linear RGD sequence is known to bind at least nine integrin subtypes when presented alone [64] , and has higher affinity for α5β1 receptor when co-presented with the PHSRN at the proper distance (as in PTF) [65, 66] , while FN is known to bind several integrin and non-integrin receptors [67] . MIX surface, which presents the two motifs randomly spaced, also has a potentially high affinity for several integrin subtypes. Hence, results of the adhesion assays suggest that short-time attachment to the peptide-coated surface of this study may not depend upon a specific integrin subtype. The same observation has been reported in several studies with other cell types: For instance, endothelial cells seeded on functionalized PEG hydrogels showed a similar attachment to both RGD or an RGD/PHSRN combination [62] ; similarly, no difference in the number of adherent fibroblasts was observed among polymer brushes coated with either RGD or RGD/PHSRN [61] . Moreover, murine osteoblasts have been shown to proliferate with the same efficiency on RGD or a mixture of the two peptides after 3 and 5 days, respectively [34] . Similarly, in our study cell growth on Ti is significantly increased when the peptidic ligands are attached to the metallic surface but no clear difference is observed among the bioactive RGD-containing molecules, which all promote proliferation of hMSCs to the same extent at all time points (Fig. 4 C) . Despite no differences in cell number or proliferation are highlighted, the analysis of the projected cell area reveals that cells on the RGD and MIX surfaces spread less than on the PTF surface (Fig. 5 B) . We observed the same effect in a previous study: osteoblast-like cells more efficiently spread on the surface presenting the RGD/PHSRN motifs at controlled distance (PTF condition) [44] . The observation that cell spreading is promoted on PTF and FN confirms that the receptor α5β1, for which both ligands have high affinity, is important in enhancing cell spreading [26] and highlight the capacity of the PTF to present the two motifs at a proper distance. The influence of the geometrical distribution of RGD/PHSRN on spreading was observed in other studies: For example, Ochsenhirt et al. reported that cells spread more when an equimolar mixture of RGD and PHSRN was distributed on the surface [33] . However, this effect was only noticeable at certain concentrations that might allow the distance between the motifs to be similar to the one encountered in FN. It should also be noted that the majority of cells presents a marked polygonal shape, and very few spindle-shaped cells are visible. Since the morphology transition from spindle-shape to a spread shape has been associated to the differentiation into osteoblastic cells, this is an indication of commitment of stem cells into the osteoblastic lineage [68, 69] .
The adhesive performance of the coated Ti surfaces was also analyzed in terms of focal contact formation, by staining the protein vinculin (Fig. 5 C) , which is one of the cytoplasmic proteins forming the focal contact complex. tension, which in turn promotes osteogenesis of stem cells [68, 70] .
Regarding gene expression analysis, the upregulation of α5 integrin, compared to all functionalized surfaces, confirms that the configuration of the RGD and PHSRN within the PTF molecule is efficient in supporting the synergy between these motifs in binding integrin α5β1, in absence of osteogenic supplements (Fig. 6 ), which are known to upregulate the expression of this subunit [27] .
Moreover, in order to analyze the commitment of stem cells to the osteoblastic lineage, the expression of Runx2 is quantified (Fig. 6 ). This transcription factor, essential in the process of osteogenesis [71] , has also been shown to be upregulated by integrin α5 [27] . In agreement with some previous studies [27] , the expression level of the osteoblastic marker Runx2 is also upregulated on the PTF, compared to the uncoated Ti disk. Interestingly, despite the lower expression level of the α5 subunit on the RGD surface, the transcription factor is equally expressed on the RGD-and on the PTF-coated Ti disks. Similarly, on FN the integrin subunit α5 is downregulated compared to PTF; however, despite the low expression of this receptor, cells express high Runx2 level on FN after 24 h of incubation. This is likely due to the promiscuity of the full length protein, which binds several integrin subtypes and is involved in many signaling events that might foster the expression of this transcription factor. Gene analysis has been complemented by the analysis of the mineralization of the matrix (Fig. 7) , which is a late marker of differentiation into the osteoblastic lineage. Calcium deposition follows a trend similar to the one observed for Runx2 expression: almost no calcium deposits are observed on CTRL and PHSRN surfaces, while RGD, MIX and PTF all show mineralization. These results are not unexpected: the transcription factor Runx2 is known to promote osteogenic differentiation by regulating the transcription of osteocalcin, which is associated to mineralization [71] . Thus, surfaces that present high Runx2 expression are expected to foster matrix mineralization. Nonetheless, the difference among these three surfaces is in this case more pronounced: the surface coated with the properly spaced RGD and PHSRN sequences (PTF) promotes the formation of the highest number and biggest calcium deposits among the peptidic ligands, reaching the same or higher mineralization than the FN-coated Ti.
Taken together, in vitro results demonstrate that the chemical presentation of co-localized RGD/PHSRN ligands in a geometrically controlled manner within our PTF is a feasible approach to support hMSCs adhesion on Ti and direct their commitment to the osteogenic phenotype. In particular, the synthetic PTF significantly enhances the adhesion, spreading, focal adhesion formation, and proliferation of hMSCs on these substrates. Furthermore, this approach upregulates the expression of α5β1 and Runx2, and fosters the formation of a highly mineralized matrix on the metallic substrate at a longer timescale. The biological effects exhibited by this synthetic ligand are comparable to those obtained by the native protein FN, and outperform the presentation of the RGD motif alone or a random distribution of RGD/PHSRN ligands, thereby highlighting the feasibility and potential of this strategy of surface functionalization.
Bone growth in vivo
To validate the functionality of our approach, Ti implants were functionalized with the PTF and their capacity to foster bone growth in vivo analyzed in a rat calvarial partial defect model. Although further studies with different models would be necessary to study newly generated bone functions, this rat calvarial model soundly informs about the capacity of the modified surface to stimulate early bone tissue growth.
In all group samples, the newly formed bone was still undergoing maturation, but some remarkable differences in histological parameters were observed: Osseointegration was positively affected by the PTF, accelerating bone repair compared to control uncoated Ti implants. Furthermore, increased cortical bone reactions were observed on PTF-treated surfaces, with new bone growing both along the upper and lower surfaces of the calvarial bone. New bone growth on the lower surface of the bone (non-functionalized surface) could respond to a PTF-mediated paracrine osteogenic effect on undifferentiated MSCs present in the dura mater, thus stimulating new bone growing underneath the defect. As previously reported in literature, the dura has powerful osteoinductive effects [72] [73] [74] . As a matter of fact, dura mater stem cells isolated from rat show excellent osteogenic differentiation, expressing several osteogenic markers and producing highly mineralized matrix [75] . As our in vivo study was carried out at 2 and 4 weeks, a period in which the bone formation is still early stage, it is possible to suggest an enhancing effect of the PTF coating on bone formation at early time points. Despite this positive outcome, fibrous tissue was also observed on top of the regenerated bone, which could potentially decrease the stability of the implanted material. This aspect needs to be taken into account in further studied. Nonetheless, enhanced bone formation at such early implantation periods would improve provide better outcomes, especially in clinical settings where the quality of bone is compromised.
Conclusions
This work explores the possibility of guiding cell fate in vitro and fostering in vivo osteointegration of a clinically-relevant material such as Ti, by generating a controlled disposition of two synergic peptidic sequences, namely RGD and PHSRN. Our custom synthesized molecule (PTF) is designed so that the distance between the sequences mimics the one found in the integrin-binding site of FN.
This straightforward control of motifs disposition is demonstrated to positively influence the adhesion and osteogenic differentiation of hMSCs, which in turn translates into higher rates of bone formation in vivo. The positive biological outcomes observed in vitro and in vivo in this study are of relevance.
Whereas synthetic RGD peptides have been widely used to produce bioactive materials, with excellent results at the in vitro level, their performance in clinically relevant scenarios has been rather modest, when not disappointing. This has raised debate on their role as coating molecules, despite their numerous advantages over full length proteins. Our work demonstrates that synthetic peptide ligands can be combined in a chemically defined fashion to overcome their limitations, i.e.
the absence of synergistic domains within their sequence or their often-poor receptor activity/selectivity. We expect that the combinations of other bioactive motifs will expand the use of this platform to a wider range of biomaterials and applications that require a controlled disposition of peptidic motifs.
